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Excitation functions for fission were measured for "' Ni beams incident on the even " ' Sn tar-

gets at energies extending from well below to about 1.5 times the Coulomb barrier. Fission was

identified by kinematic coincidence between fission fragments. Angle integrated fission cross sec-

tions were obtained from angular distributions taken at several energies for all systems. From these

and the previously measured cross sections for evaporation residues, we obtain the total fusion cross
sections and fission probabilities over the energy range 150 & E, (240 MeV. The competition be-

tween particle evaporation and fission in the compound nuclei is compared to statistical model cal-

culations. A good description of the data for all 14 systems is achieved with the use of a single set

of parameters. The model includes fission barriers with finite range and nuclear diffuseness effects,
and partial-wave distributions for fusion that are qualitatively consistent with those from micro-

scopic reaction model calculations. The fusion excitation functions are analyzed in terms of the

dynamical fusion model of Swiatecki et al. Within this model we extract new values for the
"extra-push*' parameters.

I. INTRODUCTION

Heavy ion fusion reactions have allowed the study of
the properties of nuclei with large angular momenta for
many years. This is, however, most often accompanied by
considerable internal excitation energy (temperature). For
a given compound nucleus, the maximum angular
momentum that can generally be reached at a fixed exci-
tation energy is obtained through near-symmetric en-
trance channels. This is illustrated for a Pt compound nu-
cleus in Fig. 1, where we have plotted the maximum an-
gular momentum (corresponding to a grazing collision)
versus excitation energy for various entrance channels.
The dependence of the properties of the compound nu-
cleus on angular momentum and temperature can thus be
studied by appropriate choices of the entrance channel
system. In particular, for cold high-spin nuclei with exci-
tation energies in the vicinity of the yrast line, nuclear
structure effects may be important in the competition be-
tween particle and fission decay.

%e have chosen to study in a systematic fashion a
series of Pt compound nuclei whose neutron excesses,
N —Z, vary by about a factor of 2, and which are popu-
lated through fusion reactions with large angular momen-
ta at relatively low excitation energies. This was achieved
by selecting the near-symmetric entrance channels
Ni+Sn, for ~h~~h Aproj + /~target
compound nuclei are produced at excitation energies typi-
cally 20—50 MeV closer to the yrast line than in other re-
cent experiments where both the evaporation residues and
the fission fragments were observed. ' With a near-
symmetric entrance channel it can be difficult to resolve

the masses of the fission fragments from those of the tar-
get and projectile nuclei. This difficulty was solved by re-
quiring a kinematic coincidence between the fission frag-
ments and additional measurements of the parameters of
the individual ions.

The fission data which we present here for the systems
Ni+ even Sn isotopes between " Sn and ' Sn com-

plement an earlier study of the fusion residues for the
same systems over the same energy range. Those mea-
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FIG. 1. The maximum angular momentum I {corresponding
to a grazing collision) versus excitation energy F.* for the corn-
pound nucleus ' Pt formed through various entrance channels
labeled by the projectile nucleus.
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surements demonstrated a dramatic dependence upon neu-
tron excess of the maximum cross sections for leaving
evaporation residues, with the cross sections increasing by
an order of magnitude from the most neutron-deficient to
the most neutron-rich Pt nucleus. Attempts to reproduce
the mass dependence of this trend through statistical
model calculations resulted in a qualitative agreement.
However, using standard default parameters for level den-
sities, rotating-liquid drop masses, fission barriers, etc. ,
the statistical model code cASCADE (Ref. 7) underpredict-
ed the observed increase by a factor of 2. These differ-
ences between the model predictions and observed eva-
poration residue yields might be explained either by
differences in the total compound nucleus production
(fusion) cross sections, or by differences in competition
between fission and evaporation for the systems which
were not accounted for in the standard statistical model
calculations. By measuring the fission cross sections for
the same systems,

' ' Pt, we have now directly deter-
mined the fusion cross sections.

The sum of the cross sections for leaving evaporation
residues and for fission is, by definition, the total com-
pound nucleus or fusion cross section. Consequently, the
fission cross section divided by this sum represents the
probability that the compound system, once formed, de-
cays by fission. These data provide a good opportunity to
test theoretical models of the fission barrier heights since
both the fission and evaporation cross sections were deter-
mined experimentally and one does not have to rely upon
model predictions for the total fusion cross sections.
Moreover, the data cover a large range in neutron excess
corresponding to a wide range in fissility. The use of the
two different beams on the different Sn targets leads in
several cases to the production of the same compound nu-

cleus with nearly the same excitation energy, but with dif-
ferent angular momentum distributions. A partial
analysis of the present data in terms of the competition
between fission and light-particle decay has been pub-
lished previously.

Finally, having experimentally measured the compound
nucleus cross sections, we can investigate aspects of the
fusion dynamics by comparing to the "extra-push" pa-
rametrization of Swiatecki. Our range in fissility pro-
vides a good opportunity to test the validity of this and
similar models. The particular systems investigated here
populate nuclei which are near the expected threshold re-
gion for the onset of an extra push.

II. EXPERIMENTAL PROCEDURE

A. Fission measurements

Excitation functions for fission were measured over the
energy range 150 & E, & 240 MeV for Ni, and
150(E, & 200 MeV for ~Ni, with beams from the Ar-
gonne Tandem-Linac Accelerator (ATLAS). The energy
resolution of the linac beam was about 2 MeV (FWHM).
Together with target thickness effects this leads to an es-
timated overall uncertainty of =+1 MeV in the energy
centroids for the excitation functions. The kinematics of
the Ni + Sn reactions are such that a singles measurement

with finite mass and charge resolution could not separate
fission products from deep-inelastic events. To unambi-
guously determine the fission cross sections we employed
a coincident-fragment detection scheme. One fission frag-
ment was detected in a gas-b, E, silicon surface barrier-E
detector telescope with time-of-flight measured between
the linac beam pulse and the silicon-E detector signal.
With a flight path of 27.8 cm we obtained a mass resolu-
tion of 8 u for mass -90 fragments. The charge of the
fragment was deduced from the differential energy loss
measurement in the gas bE detector, with a resolution of
b,Z=2. The acceptance of the hE-E TOF spectrometer
was determined by the defining aperture and measured to
be 0.64 msr.

The coincident fragment was detected in a large area
position-sensitive gas detector originally constructed at
the Max-Planck-Institut in Heidelberg. ' In addition to
recording the angles in both the azimuthal and the reac-
tion planes, the detector measured the differential energy
loss of particles and thereby allowed one to deduce the
charge of the detected fission fragments to within
hZ=2 —5 depending on fission fragment energy. The
kinematics for the range of mass divisions in the fission
events resulted in a spread of coincident fragments
through an angular cone with a half-angle of approxi-
mately 8 deg in the laboratory. The detector spanned 35
deg in the reaction plane and 17 deg perpendicular to it,
thereby assuring acceptance of all coincident fragments,
except for a known 15% correction from the wire grid
supporting the entrance foil.

We measured the mass, charge, position, and energy of
one fission fragment and the position, charge, and energy
of the coincident fragment. This represents an overdeter-
mination of binary decay processes, but was necessary to
distinguish fission events at low incident energies, where
fission cross sections are small, from large backgrounds of
inelastic events. Fission following "incomplete fusion"
(where a component of the projectile is not captured by
the target) would be included in the fission yield. Such
processes, however, are thought to be unimportant for this
mass and energy range. "

B. Fission cross sections

Angular distributions of fission fragments were mea-
sured for all systems at several energies. These distribu-
tions approached the expected 1/sin(8) dependence of the
fission distributions at the higher energies. We calculated
corrections to the assumed distributions using predictions
obtained from the statistical model of fission which relied
on fission saddle-point shapes predicted by the rotating
liquid drop model' (RLDM) and on estimates of the
maximum angular momentum for fusion obtained from
the measured fusion cross section and a sharp cutoff of
the partial-wave distribution. At the higher energies these
corrections are of the order of a few percent; at the lower
energies the angle-integrated differences between the
predicted angular distribution and a 1/sin(9) dependence
amount to at most 25%. The effect of these corrections
on the total fusion cross sections are minimal in that for
the lower energies the predominant decay mode is particle
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evaporation and at the higher energies, where fission dom-

inates, the calculated corrections are within the experi-
mental errors of the fission data.

To extract the binary fission yields the following cuts
were made on the data: we required that a coincident
fragment be detected in each detector; elastic and quasi-
elastic events were then separated using both the charge
information and the energy spectra; the fission fragment
observed in the large position-sensitive detector was re-
quired to be in the kinematically correct position region
for fission events (with both detectors situated near

8, =90 deg, the separation in angle between symmetric
fission and elastic scattering is -3 deg in the laboratory};
and additional separation and identification of fission
events from deep-inelastic transfer products was obtained
from the mass spectra (calculated from the energy spectra
and time-of-flight) and the sum energy of both detectors.

The data reduction relied on the overdetermination of
the binary decay parameters to guarantee the fragment
identification. Consequently, the individual gates provid-
ed a generous acceptance. This allowed us to use the same
gates and cuts on the data for all targets at a common
bombarding energy. The systematic errors were found to
be & 8% at the higher energies, but amounted to as much
as 30% at the lowest energies where the fission yields
were relatively low with respect to the number of back-
ground events. The measured fission excitation functions
are plotted in Fig. 2. The errors shown are from the sys-
tematic uncertainties in the gating proccxiure, At higher
energies, where these uncertainties are less than 8%, the
overall errors in the fission cross sections were estimated
to be +10%.

C. Fusion cross sections and fission probabilities

In order to deduce the total fusion cross sections from
the separate measurements of fission and evaporation resi-
dues, we needed to interpolate between the two data sets
to common center-of-mass energies. In Figs. 3 and 4 we
have plotted both the present fission cross sections and the
previously measured cross sections for fusion residues
after light particle evaporation. The curves through the
data points are the results of model calculations discussed
in Sec. III A.

At the lower energies where the cross sections for leav-

ing evaporation residues dominate, the fission data were
linearly interpolated and added to the experimental values
for the residues; at the higher energies where fission is
largest, the evaporation residue data were interpolated and
added to the fission data points. In Figs. 5 and 6 the re-
sulting fusion excitation functions are plotted. Again, the
curves through the data points are the results of calcula-
tions discussed in Sec. III.

From the measurements of fission and the total fusion
cross sections, we can obtain the fission probability by
taking the ratio of these two quantities. The fission prob-
ability will be used to examine various fission barrier
height parametrizstions. These probabilities span several
decades in cross section and extend from a region of low
spin and excitation where particle evaporation dominates,
to s region of high spin and higher excitation where fis-
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FIG. 2. Experimental fission cross sections for
'S~Ni+ " ' Sn. The curves are the results of statistical
model calculations discussed in the text.

sion is essentially the only decay mode. At the lower exci-
tation energies, the fission probability is rather sensitive to
the spin distribution of the compound nucleus. The fis-
sion data, therefore, also allow a determination of the
fusion spin distribution. The latter has been extensively
alluded to in the recent work in sub-Coulomb fusion reac-
tions, ' as will be discussed below in more detail.

III. COMPARISON WITH MODELS

A. Statistical model calculations
of compound nucleus decay

The initial attempts to reproduce, for the present sys-
tems, the cross sections for leaving s fusion residue after
particle evaporation were unsuccessful. In these first cal-
culations we used calculated fusion cross sections and the
standard version of the statistical model code CASCADE.
While the observed trends of increasing maximum cross
sections for particle evaporation as a function of neutron
number were reproduced, the increase was too small by
about a factor of 2. "Standard" input parameters were
used in those calculations: notably a value of the fission
barrier height of 85% of the usual RI.DM prediction, a
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FIG. 3. Experimental fission {open circles) and evaporation
residues cross sections (closed circles) for the systems
' Ni+ "2 ' Sn. The curves are statistical model predictions
discussed in the text.
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sharp cutoff in the angular momentum distribution, and
compound nuclear cross sections calculated from the Bass
model. "

Since the first analysis, significant progress has been
made in the calculation of fission barrier heights using a
rotating liquid drop model. Sierk has introduced a new
semiempirical expression which incorporates effects from
the finite range of the nuclear force and the diffuseness of
the nuclear surface. ' These modifications have been suc-
cessful in modeling recent fission data without the need to
resort to an arbitrary reduction factor for the barrier
height in rotating liquid drop model calculations. ' %'e

have incorporated the new fission barriers of Sierk into
the CASCADE code.

In addition to these new barriers, several other pararne-
ters need to be chosen. Of particular importance in
modeling the competition between fission and particle
evaporation is the choice of the level density parameters,
a~ and a„, which determine the level densities at the
ground state and saddle point. Bishop eE ah. have pro-
posed a simple model for predicting the dependence of the
single-particle level densities on deformation. %'hen the
effects from the diffuse surface are included, ratios of

FIG. 4. Experimental fission (open circles) and evaporation
residues cross sections (closed circles) for the systems
~Ni+ " ' Sn. The curves are statistical model predictions
discussed in the text.

aI/a„slightly larger than one are obtained. Using these
equations we have calculated the values of a//a„ for the
two extremes in neutron excess, ' Pt and 'ssPt, and find
them to lie between 1.02 and 1.04. %'e then investigated
the effect introduced into the statistical model predictions
by this range of level density ratios and found the effects
on the fission probability to be within experimental uncer-
tainties. For this reason and in order to keep the compu-
tational effort at a reasonable level, we have assumed
(aI/o„)=1.0. For a„we have chosen the generally ac-
cepted value a„=A/8. 0 (MeV ').

For the RLDM masses used in the statistical model we
have chosen the Myers droplet parametrization with the
%'igner term. ' This term has its origin in the shell
model, but is not a shell correction in the usual sense.
The term arises from the increased overlap of wave func-
tions of particles in identical orbits, including a11 closed
shells, and thus represents a bulk property of the nucleus.
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The Wigner term is proportional to (N —Z), and thus be-
comes more important in heavy nuclei. Our initial calcu-
lations using the default option in CASCADE (which does
not include the Wigner term) overestimated the fission
cross sections considerably.

Another quantity that strongly affects the statistical
model predictions is the partial-wave distribution of the
compound nucleus. Indeed, the large body of data ob-
tained in this work allows a systematic study of this dis-
tribution. The sharp cutoff model has been generally used
as a first estimate of the angular momentum populations
through

or =ok g(21+1)Ti(E),

where TI is the transmission coefficient for the partia1-
wave 1. In the sharp cutoff approximation

Ti(E)= 1; I & I„

yielding a simple expression for the fusion cross section in
terms of a critical angular momentum, I„. In recent

FIG. 6. Experimental fusion cross sections for
~Ni+ " ' "Sn. The solid points are the measured total com-
pound nucleus formation cross sections for the systems
~Ni+ " ' Sn. The solid and dashed curves are model predic-
tions with and without extra push.

work by Vandenbosch et al. ' angular momentum distri-
butions have been measured with a variety of techniques;
their results strongly indicate the inadequacy of such an
approximation. In addition, the recent work on the ener-

gy dependence of fusion cross sections below the barrier
also stresses a diffuse partial-wave distribution. ' We
have therefore chosen to represent the partial-wave distri-
bution of the entrance channel transmission coefficients
by a Fermi function dependence

Ti = 1/I 1+exp[2(l —lz)/o] j,
where o is the additional parameter representing the dif-
fuseness (approximately the interval in which the distribu-
tion falls from -80% to -20% of its peak value at the
high spin end). We searched for the value of o to best fit
all present data on the fission probabi1ities. The other
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energy where fission and particle evaporation cross sections are
equal. The squares (circles} indicate the experimentally deter-
mined crossovers for the systems formed with Ni (' Ni} beams.
The different curves indicate model predictions with different
values of the diffuseness parameter o. for the fusion partial-
wave distribution.

quantity constraining the angular momentum distribution
is the fusion cross section which we measured directly
(Figs. 5 and 6). In order to smooth out the experimental
fluctuations in the total fusion data for this purpose, we
used the solid curves in Figs. 5 and 6 which are the results
of the fusion model calculations discussed in Sec. III D.

For a reasonable description of all our data we found a
clear need to use the fission barrier treatment of Ref. 15
and to optimize the parameter cr of the partial-wave dis-
tribution. The dependence of the fission probability on
these parameters was illustrated for one of the systems,

Ni+ ' Sn, in our partial analysis which was published
previously. The sensitivity to 0, a single fixed parameter
for all systems, is further illustrated by an experimental
quantity which can be readily extracted from the data,
namely the crossover energy, i.e., the excitation energy in
the compound nucleus at which the cross section for fis-
sion is equal to the cross section for leaving an evapora-
tion residue. In Fig. 7 the experimental crossover energies
for all 14 systems are plotted. For the lightest system,

Ni + " Sn, we did not measure the cross sections at low
enough energies to observe the crossover energy, if it
indeed exists„and the data point shown is an extrapola-
tion. Also shown in the figure are the crossover energies
calculated with several choices of cr The se.nsitivity to rr

is apparent, especially for the lighter systems. We have
required cr to be fixed, although there is no a priori reason
for this, but large variations might be surprising in view

of the structural similarity of the collision systems (see the
discussions below).

The value of X obtained with the measured fission
probabilities compared to the calculations for all 14 sys-
tems is at a minimum when a value of cr =1M is used, as

is illustrated in Fig. 8. Furthermore, in Fig. 7 it can be
seen that this value gives an acceptable fit to crossover en-

ergies for the compound systems induced by both Ni
and ~xi.

In Figs. 3 and 4 the predicted evaporation and fission
cross sections are summarized together with the data for
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FIG. 8. The g' value of statistical model predictions com-
pared to experimentally determined fission probabilities for the
systems " Ni + "2 ' Sn as a function of the diffuseness pa-
rameter o..

all the systems which we have studied. Again, the solid
circles are the experimental evaporation cross sections, the
open circles refer to the fission cross sections, and the
curves are the model predictions for these two quantities
with the optimum parameters discussed above. Similarly,
the curves through the fission excitation functions in Fig
2 are the results of the same calculations.

B. Sub-barrier fusion cross sections

As indicated above, a separate quantity which is sensi-
tive to the shape of the fusion partial-wave distribution is
the fusion cross section at sub-barrier energies. The
enhancement has generally been interpreted as due to a
change of the interaction potential through coupling of
the elastic channel to other quasi-elastic degrees of free-
do1Tl.

At the lower energies the present data also indicate an
enhancement in cross section over a simple one-
dimensional barrier penetration calculation prediction.
This is illustrated in Fig. 9 for the system Ni+ ' ~Sn.
The curves are the results of reaction calculations from
the microscopic coupled-channels code PTOLEMY, with
and without coupling of inelastic excitations of both pro-
jectile and target to the elastic channel. In these calcula-
tions, the real part of an optical model potential that fits
elastic scattering data of 330 MeV Ni on " Sn in a
coupled-channels calculation with PTOLEMY was used as
the basis of our calculations, ' the imaginary part being
set to zero. The incoming wave boundary condition
(IWBC) was used as a measure of the partial waves that
penetrate to sufficiently sma11 radii to fuse. The dashed
curve in Fig. 9 is the result of the calculation without cou-
plings, the solid curve is the prediction when the coupling
of the first 2+ and 3 states in both Ni and Sn is includ-
ed, using observed 8(EA, )'s and form factors taken as the
derivative of the real potential. While it is apparent from
the two calculations in Fig. 9 that coupling to inelastic
channels increases the sub-barrier fusion yields by as
much as an order of magnitude, this is still not sufficient
to describe the experimentally observed yields. From our
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FIG. 10. Calculated partial-wave cross section distributions
for the system "Ni + 'i Sn. The solid curve is an optical-model

prediction of the total reaction cross section; the dashed curve is

the fusion cross section calculated with the same real part of the
optical-model potential and the incoming wave boundary condi-

tion; the dot-dashed curve shows the additional effect of cou-

pling to inelastic states (2+ and 3 in both nuclei), while the
double-dot-dashed curve is a result of the schematic model of
Esbensen; the dotted curve represents the partial-wave distribu-

tion deduced from the fission data by way of the statistical
model calculations.

measurements of quasi-elastic transfer strengths in the
same Ni+ Sn systems2' and our studies of sub-barrier
transfer strengths in other systems 22 we believe that the
additional fusion enhancement is most likely due to cou-
pling to nucleon transfer channels.

PTOLEMY does not handle the coupling of transfer
channels. In addition, the detailed microscopic calcula-
tion carried out for just one system, Ni+ ' Sn, is quite
time consuming. We have therefore used the more
schematic and analytical model of Esbensen et al. to
calculate fusion cross sections in the barrier region for all

systems.
In this model, collective surface vibrations are con-

sidered as the important inelastic channels, and their ef-
fect on sub-barrier fusion is treated by introducing varia-
tions in the surface separation and in the effective fusion
barrier height. The relevant parameter in this model is
cri, the standard deviation of surface fluctuations due to a
collective vibration of multipolarity A, . When several sur-
face modes are important, their contributions and result-

ing reductions of the Coulomb barrier are added. Using
the formulas from Ref. 23 for the Ni+ Sn systems, we
calculate average total values vari between 0.2 to 0.3 from
known reduced transition strengths 8(EA.) to low-lying
collective states (2+,3,4+, 5 ) in both Sn and Ni nuclei.
In order to reproduce in the average the total fusion exci-
tation function below and near the barrier for our systems,
however, a value 2—3 times larger is needed. We believe
that this again reflects the importance of transfer chan-
nels in the sub-barrier enhancement. %e have empirical-
ly selected a value of oi ——0.7 for all 14 fusion excitation
functions. The underlying fusion crass sections without
barrier variations were taken from the classical model by
Swiatecki. This is discussed in more detail in Sec. III D,
where the final results are presented.

C. Partial-wave distributions

We can now compare the partial-wave distributions ob-
tained from the model calculations of the sub-barrier
fusion cross sections with the ones obtained from the sta-
tistical model fits to the ratios of fission to particle-
evaporation widths. Figure 10 summarizes these results.
The solid line shows the partial-wave distribution of the
total reaction cross section calculated from the optical
model potential that fits elastic scattering data at 330
MeV of Ni on "Sn. The fusion partial-wave distribu-
tions from the IWBC coupled channels calculations of the
sub-barrier fusion with the microscopic coupled-channels
code PTOLEMY are shown as dashed and dashed-dotted
lines, respectively, for the situations of no coupling and
coupling. The double-dot-dashed line represents the re-
sults from the more schematic model of Esbensen. In
both coupled cases the partial-wave distribution falls off
more slowly than for the case of no coupling, in qualita-
tive agreement with the average width of the partial-wave
distribution required by the fission data (dotted curve).

D. Fusion excitation functions

Fusion of two heavy nuclei has been the subject of in-
tense studies over the past years. A major feature that has
become apparent is the inhibition of compound nucleus
formation in very heavy systems due to the reaction
dynamics, which are daminated in these systems by the
strong repulsive Coulomb and centrifugal forces. A con-
venient model to calculate these effects, since it is analyti-
cally formulated in terms of general scaling parameters, is
the "extra-push*' model by Swiatecki which provides ex-
pressions for the reduction in cross section at a given ener-

gy or, conversely, the increase in energy (extra push) re-
quired to reach a given value of the fusion cross section.
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The Ni+ Sn systems falls into the region of mass and
charge where this dynamical inhibition of the fusion cross
section is predicted to begin. In this sense the present
data may present a sensitive test case and allow the ex-
traction of the model parameters. The extra-push energy
E„ in this model is given by

E„=E,„a'(x —x,„)', (4)

where E,i is a characteristic energy for the system and a
function of the masses of the interacting nuclei; x is a
normalized effective fissility, a function of the charge and
mass of the interacting nuclei and of angular momentum;
x,b is the threshold fissility above which an extra push is
needed and is approximately constant; and a is a parame-
ter giving the slope of the square root of the extra-push
energy as a function of fissility.

In Fig. 11 we illustrate how the values for the extra-
push energies were extracted from our data. In Fig. 12 we
plot the square root of these values of the extra-push ener-
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FIG. 11. Illustration of the procedure to extract "extra-push"
energies. The experimental fusion cross sections (circles) are
compared to fusion cross section calculations without extra
push. The difference between the data and the calculated cross
section curves (along lines with 1/E, behavior) is extracted as
the extra-push energy.
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gies as a function of the square of the critical angular
momentum l„deduced from the fusion cross sections in
the sharp cutoff approximation. All systems are plotted
in the same figure to illustrate their uniform behavior, ex-
cept for a systematic shift which is observed between the

Ni (dots) and Ni (squares) induced reactions. In the
actual analysis we fitted a straight line to the data points
of each separate system and extracted the intercept, which
is the extrapolated value of the effective fissility at zero
angular momentum, x„and the slope which, within the
model, is equal to af . Here f is the "effective angular
momentum fraction, " i.e., that fraction of angular
momentum responsible for the centrifugal force in the
separation degree of freedom. The extra-push energy as
a function of x, is shown in Fig. 13. Within the model, a
fit of a straight line to these data points yields the thresh-
old fissility x,i, and the slope parameter a. We obtain the
following values: x,i,

——0.62, a =5.7, f =0.64 with large
errors of about 30%.

The values differ from previous ones; for example, the
values recently extracted by Toke et al. from measure-
ments with Pb and U beams. This might be due to
the large error bars in our values or might indicate a prob-
lem with the scaling of the extra-push parameters over a
large mass range. Bjgrnholm and Swiatecki have argued
that a fissility x which is intermediate between the effec-
tive fissility x, defined above and the fissility defined by
the RLDM, might be more appropriate for a general scal-
ing behavior of the parameters describing compound nu-

cleus formation (the extra-extra-push formalism). Recent-
ly Back published an analysis of data in this parametriz-
ation. If we include our data and repeat the analysis (Fig.
14), we obtain values for x,i, and a which are not signifi-
cantly different from the ones above and are rather simi-
lar to those from Ref. 25. In the two parametrizations,
extra-push and extra-extra-push, the values of x,i, and a
should be the same. This is essentially the case with the
latter values being x,q ——0.64+0.05, a =7.8+0.6,
f =0.55+0.05.

The value of x,i, is smaller than previously expected,
suggesting an earlier onset of the dynamical inhibition of

FIG. 12. Determination of the zero angular-momentum
extra-push energy. The square root of the experimental extra-
push energies are plotted as a function of the angular momen-
tum squared for all systems (in units of "characteristic" channel
energy E,q and angular momentum l,b as defined in Ref. 9).
The solid circles (squares) refer to Ni ( Ni) induced reactions.
In the actual analysis a straight line was fit to each collision sys-
tem separately (see the text).
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FIG. 13. The zero angular-momentum extra-push energies
are plotted as a function of the effective fissility x, . A straight
line fit to the data yields the parameters of the extra-push model
(see the text).
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FIG. 14. A reevaluation of' the extra-push energies using the
extra-extra-push model. The extra-push energies are plotted
versus the mean effective fissility x . We have plotted our data
(open circles and squares) along with those of Ref. 25. From the
straight line fit to these data we extract the model parameters as
discussed in the text.

fusion in heavy systems. In terms of heavy-element pro-
duction this emphasizes the need to go to asymmetric en-
trance channels in attempts to produce very heavy nuclei.
The value of the slope parameter, a, which is also lower
than that previously discussed, suggests a reduced dissipa-
tion constant, lower than the ones generally assumed in
collision theories with one-body dissipation.

With these parameters, theoretical fusion cross sections
can now be predicted within the extra-push model. The
curves in Figs. 5 and 6 are such predictions, modified to
include the barrier fluctuations discussed in Sec. III B. To
do this the average potential barrier, calculated from the
Yukawa potential parameters of Moeller and Nix, was
varied according to the schematical coupling model of Es-
bensen discussed in Sec. IIIB. The fusion cross section
for this range of barriers was then correspondingly aver-
aged. At low energies, the fusion cross section is essen-
tially determined by the barrier fiuctuations, as expected
from our discussion in Sec. IIIB. At the higher energies
the cross section curves are essentially those of the classi-
cal model, without (dashed curve) and with (solid curve)
extra push.

We have measured the fission excitation functions for
the systems ' Ni + " ' Sn. Combining these mea-
surements with the previously measured evaporation resi-
due cross sections, we have obtained the total fusion cross
sections for a series of isotopes whose neutron excess,
N —Z, varies by nearly a factor of 2. This has provided
us with a sensitive tool to examine the neutron-excess and
angular-momentum dependence of the competition be-
tween fission and particle evaporation at a constant atom-
ic number.

Using a modified version of the statistical code cAs-
cADE, we have shown that the new fission barriers of
Sierk provide a good description of the competition be-
tween fission decay and particle evaporation within the
framework of the statistical model. We have used a single
set of parameters to describe all 14 excitation functions
formed by the fusion of ' Ni on " ' Sn. The analysis
clearly reveals a diffuse cutoff in angular momentum of
the compound nucleus cross section, in qualitative agree-
ment with results from fitting the enhanced fusion cross
sections at sub-barrier energies and from microscopic re-
action model predictions. This analysis has further indi-
cated that the large systematic change within the evapora-
tion cross sections is due to difference in fission competi-
tion rather than differences in compound nucleus forma-
tion cross sections.

From the excitation functions for fusion at energies
well above the barrier we have extracted parameters
within the extra-push model. With this set of parameters
the total fusion cross sections for all systems investigated
are described reasonably well. From our set of extra-push
parameters we see indications of problems either with
scaling this model to different systems, or in previous at-
tempts to extract the parameters. An analysis of the
"extra-extra-push" parameters resolves these scaling prob-
lems and produces parameters which are consistent with
those from an independent analysis.

The data presented in this paper have been submitted to
the AIP Physics Auxiliary Publication Service.
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